This contribution investigates the behavior of two important riverbed sediment classifiers, derived from multi-beam echo-sounder (MBES)-operating at 300 kHz-data, in very coarse sediment environments. These are the backscatter strength and the depth residuals. Four MBES data sets collected at different parts of rivers in the Netherlands are employed. From previous research the backscatter strength was found to increase for increasing mean grain sizes. Depth residuals, however, are often found to have lower values for coarser sediments. Investigation of the four data sets indicates that these statements are valid only for moderately coarse sediment such as sand. For very coarse sediments (e.g., coarse gravel) the backscatter strength is found to decrease and the depth residuals increase for increasing mean grain sizes. This is observed when the sediment mean grain size becomes significantly larger than the acoustic wavelength of the MBES (5 mm). Knowledge regarding this behavior is of high importance when using backscatter strength and depth residuals for sediment classification purposes as the reverse in behavior can induce ambiguity in the classification.
I. INTRODUCTION
The Netherlands form the delta for some of the major river systems of Europe, comprising the Rhine, the Meuse, the Scheldt, and the Eems. These rivers are valuable parts of national and international ecological networks and are of high economic importance. A minimum depth should be guaranteed to keep the rivers navigable. This depth depends not only on water discharge but also on river bed topography that changes dynamically in response to discharge fluctuations. For example, in a study on the response of subaqueous dunes to floods in a Dutch river, 1 dune heights were found to increase with decreasing discharge, with heights of $0.1 m for a discharge of 12 000 m 3 /s and $1.5 m for discharges of $2000 m 3 /s. Additionally, the river topography and its dynamics are strongly affected by spatial variations in bed sediment composition. 2 The effect of bed sediment composition can amount to several meters. 2 This spatial sediment distribution, therefore, needs to be known, in order to understand and eventually predict the dynamic behavior of the river topography, thereby improving the efficiency of the efforts to ensure safe navigation.
An attractive system to be used for obtaining information on both the river bed bathymetry and sediment composition is the multi-beam echo-sounder (MBES). This sonar emits short pulses of sound toward the river bed to determine the depth and the backscatter strength for a large number of closely spaced beams. The MBES provides high spatial coverage at moderate costs and within short time. The backscatter strengths are known to be indicative for the sediment types, and consequently have potential with regard to sediment classification (Refs. [3] [4] [5] [6] [7] [8] [9] [10] . Therefore, the MBES system appears as a good alternative to the conventional, expensive and time-consuming, approach of mapping the river bed composition by taking a large number of grab samples.
During the last few years, research also considered the potential of the information contained in the bathymetry for classification (e.g., Ref. 11) , since the backscatter strength alone cannot be used to predict all sediment characteristics (e.g., Ref. 12) . Further, the use of this additional information might provide improved classification potential. An extensive review of the different classification approaches can be found in Ref. 13 .
The work carried out in this contribution is a follow-up of two previous studies, i.e., Ref. 14 and Ref. 15 . In Ref. 14, the backscatter strength (BS) was used to classify the sediment distribution in a shallow part of the River Waal, viz., Sint Andries. It was found that a fixed layer, present in the Sint Andries area, was not revealed in the classification map, despite the fact that the material used for constructing the fixed layer is much coarser than any of the other sediments present in the area. As a next step, also the depth residuals (R), which are the variations in bathymetry relative to a plane fitted through the MBES measured bathymetry, were used for classifying the Sint Andries sediments (Ref. 15) . Three cases were investigated: (1) classification with only the backscatter features; (2) classification with only depth residual features; and (3) classification with both backscatter and depth residual features, where the BS and R features were combined through a principle component analysis (PCA) and K-means clustering. Such approaches have been used for many years (e.g., Refs. 16 and 17). It was found that all three approaches reveal a similar distribution of sediment types, except for the fixed layer which appears as an additional acoustic class for the latter two approaches. From this, it can be concluded that, whereas the backscatter strength for the very coarse fixed layer material is similar to that of one of the classes corresponding to finer sediments, the depth residual values for the fixed layer material are different from that of the other sediments.
This behavior, with BS having similar values for the coarse fixed layer and for the finer sediments, is confirmed by other studies. [18] [19] [20] [21] Reference 22 mentions that the scattering regime can be sub-divided into a number of different zones with respect to the sediment mean grain size. When the grain sizes are smaller or of the same order of magnitude as the acoustic wavelength, the backscattering strength is well understood (e.g., Ref. 7) and models like, e.g., Ref. 23 often predict the measurements well. In this grain size domain backscatter strength increases with increasing mean grain size. This is not the case when the grain size is much larger than the wavelength since acoustic scattering is then determined by facets rather than grains. 22 Research on this subject can be found also in the most recent Refs. 24 and 25. More details about the scattering process can be found in Refs. [26] [27] [28] . The depth residuals are not used as widely as the backscatter strength for classification purposes. Consequently, their behavior is relatively unknown.
The above raises two issues, which are described as follows:
(1) What is the potential of the backscatter and depth residuals for classifying very coarse sediments? Reference 15 provides a first indication that there are limits with regards to the classifying potential of BS for coarse sediments, as the similarity of BS values for the very coarse fixed layer to that of finer sediments induces ambiguity. In this case, a single acoustic class corresponds to two very different sediment types. (2) For fine sediments, where BS is expected to increase with mean grain size, the BS values for the different acoustic classes can be used to assign an ordering to the acoustic classes. For example, the class corresponding to the lowest BS values is considered as the class that corresponds to the finest sediment present in the area and the class corresponding to the highest BS values is considered to correspond to the coarsest sediment. The issue now is whether such an ordering, either based on BS or R, can also be accomplished for coarse sediments. This question can arise for situations where samples are available only for a limited number of acoustic classes. In this case, it is important to understand whether or not an ordering of the acoustic classes based on a physical property of the sediments can be made.
To resolve these issues, the present paper investigates the behavior of the backscatter strength as well as the depth residuals as a function of sediment mean grain size by considering four different datasets collected at Dutch rivers using a 300 kHz MBES. Sediment mean grain sizes range from sandy gravel (0 u) to very coarse gravel and pebbles (À6 u). The mean grain sizes (M z ) of each area are derived from grab samples, where M z ¼ Àlog 2 (d) in u units and d the mean grain size in mm. This paper focuses on the trend of BS and R versus sediment mean grain size, and on the impact of this trend on the classification, such as ambiguities induced by features with similar values for different sediments, rather than on determining an expression for BS and R versus M z .
The paper is organized as follows. Section II gives information both about the surveyed areas and the survey settings. Section III describes briefly the classification methodology using principal component analysis and K-means clustering and gives both the classification results based on the backscatter and on the depth residuals. A discussion of the classification results is given in Sec. IV. Moreover, the transition point, i.e., the mean grain size at which the behavior of MBES measured backscatter and depth residuals reverses is determined in Sec. IV. Finally, the main conclusions are summarized in Sec. V.
II. DESCRIPTION OF THE SURVEYS
Four areas of two different Dutch rivers were surveyed within a period of four years (2007) (2008) (2009) (2010) . Three surveys involved parts of the Rhine river, and one survey involved part of the Meuse river. The positions of the rivers, superimposed on the map of the Netherlands, are shown in Fig. 1 . The specifics of the surveyed rivers are presented in Table I .
For assisting the interpretation of the classification results, grab samples were taken from all surveyed areas. Figure 1 presents also the resulting mean grain sizes (M z ) of each area. It can be seen that there is a gradual shift from coarse sediments in Sint Andries to very coarse sediments in Bovenrijn and Meuse.
For the MBESs used, all beams were electronically stabilized for pitch and roll. The backscatter values used in the current work are the backscatter values that resulted of first applying a moving average over the time series of amplitude values and then selecting the maximum average level of each beam. 29 
III. SEDIMENT CLASSIFICATION
The classification method employed in this contribution is that of Ref. 15 , using a principal component analysis of features derived from the backscatter strength and depth measurements. The aim is to investigate whether this methodology can be applied in very coarse sediments. In this section, only a short description of the method is presented. For detailed information the reader is referred to Ref. 15 . Note that classification is done for each area and for each classifier (backscatter strength and depth residuals) separately.
A. Classification methodology
The pre-processing of the data can be divided into five phases. In the first phase, the sonar data is collected during the survey. In the second phase, the data are grouped into small surface patches by averaging over a number of pings and beams. In this phase, 17 statistical features are calculated for each surface patch: eight extracted from the backscatter strength (mean, standard deviation, skewness, kurtosis, median, mode, minimum, and maximum), eight extracted from the least-squares (LS) depth residuals (mean absolute error, standard deviation, skewness, kurtosis, median, mode, minimum, and maximum), and one is the total slope of the surface patch. The third phase is to use the slopes to account for standard data corrections.
14 Only the data from the incident angle range $ [À60
to À20 ] and $ [20 to 60 ] is used because in this range the backscatter has the highest discriminating power; backscatter curves, i.e., backscatter strength as a function of angle, of different sediment types for angles close to nadir in general overlap. 23 The concept of using the depth residuals is illustrated in Fig. 2 . The measured depth values are modeled by fitting a 2-D second order polynomial using the least squares principle. The actual measured depths (represented by dots) deviate, however, from the modeled surface. These deviations (vertical lines in Fig. 2 ) are called the depth residuals. They provide measures as to which degree the actual river bottom is smooth. The surface patch of Fig. 2 is taken from the Meuse dataset. In general, the depth residual values depend on the size of the surface patch and the number of points that create each patch. For example, it is expected that larger surface patches have larger depth residual values than smaller ones, for the same number of points. It has to be noted that similar sized surface patches, each containing at least ten points, were established for all areas.
Since the backscatter strengths not only vary as a function of sediment type, but also as a function of angle, the angular dependence needs to be accounted for when combining the backscatter features of all surface patches into a single dataset. Whereas no angular variation in the depth residual values is expected, still inaccuracies in supporting positioning systems (e.g., attitude sensors) and misregistration between different sensor time series, can induce angular variations. 31 In phase four, this issue is addressed by standardizing both the backscatter measurements and the depth residual measurements using the method of Ref. 15 .
In the last pre-processing phase a principal component analysis (PCA) is applied to the abovementioned 17 features to identify the most informative among them. It was found that for the MBES data considered, 8 out of the 17 features contain relevant information. These are as follows: (1) the mean, median, mode, and minimum of the backscatter data and (2) the mean absolute error, standard deviation, minimum, and maximum of the depth residuals.
For the following analysis the backscatter and depth residuals are processed and mapped separately. Applying PCA to the four (abovementioned) backscatter features showed that the first two principal components capture more than 95% of the data variation. Finally, the K-means clustering method was used to partition the first two principal components into different subsets. The same procedure, also indicating the first two principal components to capture more than 95% of the data variation, was applied to the four depth residual features.
B. Classification maps
The resulting maps are presented in Fig. 3 . For each both the map based on the four backscatter features and the map based on the four depth residuals features are shown. For the Sint Andries area, four acoustic classes can be discriminated based on the depth residuals, whereas three can be discerned when using the backscatter measurements. For the other areas, three classes were found, independent of the type of features used.
C. Correlation with grabs
To investigate the relation between sediment properties and the acoustic classes, the classification results are correlated with the mean grain size values of the grab samples taken from the areas. The fact that grab sample locations do not exactly coincide with the surface patches of the classification, and that the positions of the grab samples are uncertain (4-5 m), 14 hampers the process of assigning the classification results to a grab sample. To solve this issue, the average class obtained from surface patches within a radius of 20 m is taken as being representative for the class in the area around the sample. Figure 4 shows the resulting acoustic classes plotted versus mean grain size. The corresponding linear fits are also presented. Assuming a linear fit is not uncommon practice (see Ref. 32) . However, trends in backscatter strength as a function of mean grain size are not linear in general, nor is the relationship one-dimensional as also porosity, bedforms, grain angularity, and inhomogeneities induced by the presence of flora and fauna affect the interaction of sound with the sediment. Our aim is to highlight the trend in the behavior of the backscatter and depth residuals with increasing mean grain size.
In order to judge on this trend, the correlation coefficients (q) between the classes (obtained from the backscatter and depth residuals) and the grab samples' mean grain sizes have been calculated. They are documented in Table II , together with their statistical significance (p-values). A pvalue of 6.4 Â 10 À2 (Meuse results) means that there is 6.4% probability that this correlation coefficient (q ¼ 0.50) occurs fully by chance.
An important conclusion from the correlation analysis, as also illustrated by the fits in Fig. 4 , is that the trend between classes and mean grain sizes differs per survey. When considering the classes based on BS, increasing class values correspond to coarser sediments for Sint Andries, but to finer sediments for the Meuse and Bovenrijn. The opposite holds for the classification based on R.
IV. DISCUSSION OF CLASSIFICATION RESULTS
A. Observations on the behavior of backscatter and depth residuals as a function of mean grain size Based on the results of the previous section, a number of observations can be made.
(1) The coupling between classes and mean grain sizes is not unique. When considering the behavior of the backscatter as a function of sediment mean grain size, it is observed that for the finer grains as present in Sint Andries backscatter increases with increasing mean grain size, whereas it decreases with increasing mean grain size for the coarser sediments of Meuse and roughness, on the other hand, is reflected in increased values for the depth residuals, which is contrary to Sint Andries. (3) Both backscatter strength and depth residuals have classification potential. From the classification maps, it is seen that the features of BS and R both have sediment classification potential. However, for the areas considered in this paper they contain only limited complementary information, since they reveal a similar distribution of classes. The only exception is the fixed layer in the Sint Andries area which can be discriminated from the other sediment types only through the use of the depth residuals. Apparently, the backscatter values at the fixed layer are such that this very coarse grained area has backscatter values that correspond to the one but lowest class.
B. A quantitative assessment of the measured backscatter and depth residuals as a function of mean grain size
From the above observations it can be concluded that, for the areas considered, both BS and R contain information that allows for discriminating between different sediments. However, it is also noted that it is not straightforward, for example, by using mean grain sizes as derived from grab samples, to order the classes with respect to sediment parameters such as mean grain size. The reason is that the classification results indicate the presence of a mean grain size value at which a reversal in the relation between both the BS and R values and mean grain size occurs. Knowledge regarding this transition point is of high importance for sediment classification purposes. Taking measurements in an area with sediment mean grain size values both below and above the transition point will result in an ambiguous classification, since fine and coarse sediments will be attributed to the same acoustic class.
To determine this transition point, the classification results of all areas need to be combined. This is not possible in the current form of Figs. 3 and 4 because equal classes for the different areas do not necessarily correspond to the equal sediment. Class 1 in Sint Andries can belong to a completely different sediment type compared to class 1 in the Meuse area. In contrast, different datasets can in fact be combined by considering the measured backscatter strengths and depth residual values instead of class numbers. In the current case, the mean over the surface patch values are considered. In the case of R, this value is obtained from the absolute depth residuals. In the following, for the sake of brevity, we will refer to these mean values as the backscatter and depth residuals.
Experience has shown that the MBES calibration for backscatter is often imperfect. Consequently, measurements taken at a single location, but with two different MBES systems, show a systematic difference of the measured backscatter curves. When combining the backscatter measurements from the different surveys and thus from different MBES systems, the effect of the imperfect MBES calibration need to be eliminated. This necessitates an additional calibration step. In principle, this is not required for the depth residual values since they are derived from the bathymetry measurements, which are independent of the sonar types and sonar settings.
Calibration of backscatter strengths
The calibration procedure is based on the assumption that, since the surveyed areas have similar characteristics (almost no vegetation and similar water depths), backscatter curves in the different areas must be similar for similar sediment types. Alternative calibration approaches make use of models that predict the backscatter curve, given the mean grain size as derived from the grabs. 7, 33 However, accepted modeling approaches for the highly coarse sediments are not yet available. For the measurements taken in the Sint Andries area, the calibration was also carried out using the fixed layer. 34 The resulting calibration curves per area are in very good agreement with those obtained using the procedure described below. Because of the fact that not all areas in the current analysis have a fixed layer, this approach cannot be applied here.
The first step of the current procedure is to determine the backscatter curves that correspond to each one of the classes of Fig. 3 . This is done for each area separately. The procedure is as follows. For each of the classes in one region, 50 random locations were selected on the classification maps. As an example, this is shown in Fig. 5 for the Bovenrijn dataset. The backscatter curves of all 50 locations per class and area (dataset) are then averaged. The resulting mean backscatter curves are shown in Fig. 6 as solid lines for Bovenrijn and part of Sint Andries 08 and with dashed lines for Sint Andries and Meuse. The standard deviation of these 50 curves (as a function of angle) was also computed for later use in Fig. 9 .
A closer inspection of the backscatter strength curves in Fig. 6 reveals a similar angular behavior among these for the different classes within a single dataset. However, this angular behavior differs significantly among different areas. This (Fig. 6 ) of the Bovenrijn dataset. For each class, 50 points were selected.
is due to the imperfect calibration of the MBES, which is different for different areas as they were surveyed with different MBES systems. To correct for the imperfect calibration, thereby allowing for combining the backscatter data as obtained from the different surveys, one of the datasets has to be arbitrarily considered as reference. In our case, the Bovenrijn dataset has been selected as the reference. The reason is twofold. First, the Sint Andries'08 measurements were carried out with exactly the same echo-sounder and sonar settings. Thus, no calibration is needed here. Further, a large range of sediment mean grain sizes is encountered in the Bovenrijn dataset, covering those which are also present at the two other locations.
The calibration procedure is as follows: We consider those grab samples from the reference dataset (Bovenrijn) that have mean grain sizes similar (maximum difference of 0.1 u) to those found at either the Sint Andries (2007) area or the Meuse area. Between Sint Andries (2007) and Bovenrijn, 14 grab samples with similar mean grain sizes were found. For the Meuse and Bovenrijn, 7 similar grab samples were identified. For each set of similar grab samples, the backscatter curves for the two areas under consideration are determined from the backscatter curves measured close to the samples. The difference between the curves is then determined as a function of angle. Figure 7 shows the calibration curves that result after averaging of the difference curves for all "similar grab samples" per area. The backscatter curves (dashed lines) of Sint Andries and Meuse in Fig. 6 were corrected using the corresponding calibration curves of Fig. 7 , and their corrected backscatter curves are shown in Fig. 6 with solid lines. The final appearance of the backscatter curves of Sint Andries and Meuse are now similar to that of the Bovenrijn area. 
A closer inspection of the depth residual values
To investigate the behavior of the depth residuals as a function of class, again for each of the classes 50 points are selected on the classification map based on the depth residuals (Fig. 3) , and averaging of these selected measurements has been applied (Fig. 8) . As for the backscatter values, the values for the depth residuals are given as a function of angle. Again, the standard deviation of these 50 curves was also computed for later use in Fig. 9 . We observe that the depth residual values do not have the same value for all angles (e.g., nadir beams have more measurement uncertainty). This, at first sight unexpected, result has also been reported in previous work (e.g., Ref. 35) and is due to the bathymetric uncertainty of the sonar systems. 31, 35, 36 We note that the classification is not hampered by this effect as the angular change in the depth residual values has been accounted for in the standardization procedure of Sec. III A. Still this behavior prevents a straightforward combination of the depth residual values from the different areas.
Careful inspection of Fig. 8 indicates angular ranges with relative constant values for the depth residuals. For the remaining steps, we therefore restrict the analysis to these angle ranges ([À44 À28 ] and [28 44 ]) assuming that these ranges allow for combining the measurements from the different areas.
Combining features from all surveys
After applying the calibration, differences in the calibrated backscatter curves of Fig. 6 should be due mainly to variations in the sediment type. To assess this relation between backscatter curve and sediment type, the grab samples that belong almost exclusively to a single class (of the backscatter classification maps of Fig. 3 ) are determined per area. The criterion for selecting these grabs is that at least 70% of the surface patches within a radius of 15 m around it belong to the same class. The resulting grab samples are then grouped per class, and the mean and standard deviation of the mean grain sizes associated to each class are computed. This makes 12 (4 areas Â 3 classes) means and 12 standard deviations for M z . For a number of angles, Fig. 9 shows the backscatter (from Fig. 6 ) and standard deviation as a function of this mean grain size, with the standard deviations in mean grain sizes as error bars in the horizontal axis. For class 1 (green) in the Meuse area no grab samples were available that met the 70% criterion, resulting in 11 data points (blue dots) in Fig. 9 out of the potential 12. The angles are selected in the range [À58 À20 ] and [20 58 ] where the backscatter curves of the different sediment types do not overlap.
The same procedure was used for the depth residuals. Also these results are depicted in Fig. 9 , now as red dots. For the depth residuals, only 9 data points (out of the potential 13) are shown due to the fact that some of the data points did not meet the 70% criterion. For example, no grabs samples were taken from the fixed layer of Sint Andries, so the red points of Fig. 8 for both Sint Andries surveys are not shown in Fig. 9 .
The results confirm the existence of a transition point, i.e., a mean grain size value at which the slope of the relation between the both the BS and R values and the mean grain size changes sign. To further assess this point, a second order polynomial is fitted to each of the data sets shown in Fig. 9 . The resulting fits are represented as solid lines in Fig. 9 (red lines for depth residuals and blue ones for the backscatter). Uncertainties occur in both the x-(mean grain size) and y-axes (backscatter or depth residuals). They are displayed as error bars and have been taken into account for determining the fit using the weighted total least squares method (see Ref. 37) . Correlations between the measured backscatter strength values and those predicted by the fit in Fig. 9 at the sampled mean grain sizes range from 0.84 for the outer beam angles to 0.54 for the angles closer to normal incidence. For the depth residuals the correlation coefficient is on average 0.78, indicating a good correspondence between the fit and the measured values.
All fits show a similar appearance. As we move from 0 u to À3.5 u the backscatter values increase while the depth residual values decrease. A transition point of À3.5 u is found where the values are relatively constant. For M z values from À3.5 u to À6 u the backscatter values decrease while the depth residuals increase. Figure 10 shows estimates for the transition point, i.e., the M z values at which the fits show either a maximum (backscatter) or minimum (depth residuals), for a large number of angles. For the majority of the cases the transition point is found within a margin of 60.5 u around M z values of À3.5 u (equal to 11 mm). It has to be noted that the trend in depth residuals, decreasing toward the transition point and then increasing again for increasing grain diameter (decreasing M z ), is not as evident as the reverse trend in backscatter values.
The above phenomena can be explained as follows. For the current study on riverbed sediment classification, the depth residuals have larger variations in the finer sediment than in the coarser sediment for the range [0 u to À3.5 u]. We hypothesize that this is due to the riverbed ripples that can be formed in finer sediment. 15 In this zone (i.e., 0 u to À3.5 u) the backscatter increases with increasing mean grain size, as expected. For very coarse sediment when the mean grain size is larger than the acoustic wavelength of the sonar (i.e., k ¼ À2.3 u, equal to 5 mm) the backscatter values decrease while the depth residuals increase with mean grain size. For these mean grain sizes, we intuitively expect that coarser sediments give the highest variations for the depth residuals. For these coarse sediments, however, the concept of grain size is no longer valid, and the acoustic scattering is mainly determined by facets rather than the mean grain sizes. This is in accordance with the observation of Ref. 22 .
The following two issues have to be highlighted
(1) The calibration procedure of the backscatter curves gives backscatter curves as if they were measured with a single MBES system, i.e., that of the Bovenrijn survey. Still, they are affected by imperfect calibration of this MBES. Consequently, the level of the backscatter values of Fig. 9 is affected by this imperfect calibration. Therefore, the fits of Fig. 9 cannot be considered as a function providing the relation between backscatter and mean grain size for 300 kHz MBES measurements. (2) The mean grain sizes used for determining the fits of the depth residual values as a function of mean grain size, mainly fall into a small region (À2 u to À6 u). Consequently, there is significant uncertainty in the fit outside this region.
Based on the above observations, it is recognized that the actual value of the transition point for both backscatter and depth residuals can differ from the À3.5 u. Still, these transition points exist around M z values comparable to the MBES acoustic wavelength and require attention when using backscatter and/or depth residuals for sediment classification as they induce ambiguities and hamper a direct ordering of the classes with respect to mean grain size.
V. CONCLUSIONS
In this paper, the grain size dependent characteristics of two parameters extracted from MBES measurements, namely the backscatter strength (directly measured) and the depth residuals (calculated from the depth measurements), were investigated for very coarse riverbed sediment in different Dutch rivers. The sediment type ranges from sandy gravel to very coarse gravel, including large stones (fixed layer).
It was found that the backscatter strength increases for increasing mean grain sizes up to a certain value of mean grain size, denoted as transition point. This transition point was estimated to be around À3.5 u, with an uncertainty of 60.5 u. This value is twice the acoustic wavelength of the MBES employed. For coarser sediments (<À3.5 u), the backscatter strengths decrease and the depth residuals increase when the mean grain size increases. For the depth residuals, an opposite behavior is found with a similar value of the transition point, with decreasing values for increasing mean grain size for up to this point and increasing values beyond.
Since this approach is case specific, the findings cannot be universally used. Especially in energetic river environments, different patterns in the received echo-sounder signals are expected. These might affect the trend in backscatter strength and depth residuals, which in turn might give rise to a change in transition point value. Knowledge regarding this trend is of high importance when using backscatter and depth residual features for sediment classification purposes, as it can induce ambiguity in the classification. Although the actual value of the transition point might not be valid in general, its presence has to be accounted for.
